The client is entitled to disclose this report in full and make it available to third parties for review. All rights reserved. No part of this publication may be reproduced, stored in a retrieval system of any nature, or transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, without the prior permission of the publisher. The publisher does not accept any liability for inaccuracies in this report. Butanol, acetone and ethanol were produced from the sugar fraction of hydrolysed steam-treated MSW biofibre by Clostridium acetobutylicum. High ABE yields approaching the maximum theoretical value were obtained with a biofibre fraction that was washed prior to hydrolysis for removal of inhibiting components.
The first part of the project was successfully completed, i.e. the target ABE yield on biofibre hydrolysate sugars was achieved at laboratory scale. The next part of the project, fermentations at pilot scale and butanol and hydrogen gas recovery from the broth by gas stripping, and the technology transfer of the process for fermentation at demo scale (to be performed in York, UK) was not carried out.
Introduction
The application of high pressure and steam is a proven method for the mobilisation of valuable components from biomass. It is used in the project "Production of butanol and hydrogen by fermentation techniques using steam treated municipal solid waste (MSWBH)" for the conversion of municipal solid waste (MSW) in the United Kingdom into suitable feedstock for the pilot-scale production of butanol and hydrogen, which are important fuels and chemicals. The project contributes to the EU's commitment to ensure that 10 percent of all transport fuels are biobased by 2020.
In the UK there is no source separation of municipal solid waste. Municipal waste is separated after collection, first by removal of plastics, metals and other non-organic components. The remaining organic solid waste is treated with high pressure and steam to produce a carbohydrate-rich stream (the biofibre fraction). This stream is converted into butanol and hydrogen by anaerobic bacteria during a fermentation process. MSW may contain many different components coming from all kinds of sources, including plants, food waste and paper. This can affect the fermentation performance. The complete process from MSW to pure butanol and hydrogen will be realised in Wageningen. At the end of the project, the technology will be scaled up in a pilot facility at BDC.
Aim
The aim of MSWBH is to develop a process and build a pilot plant for the production of butanol and hydrogen from municipal solid waste by using established MSW autoclaving treatment technology as a pretreatment of biomass.
Materials and Methods

Waste composition, pretreatment and hydrolysis
The waste used in this project is representative of municipal solid waste in the UK with the following wet composition by mass: paper and cardboard (22%), food waste (17%), wood (8.7%), plastic (22%), glass (1%), garden waste (3%), metals (4%), textiles (6.6%) and others (15.7%) (Department for Environmental Food and Rural Affairs (Defra), 2017).
A cellulose-rich biofibre fraction was recovered from steam treated MSW using high pressure saturated steam in an autoclave system as developed by Wilson Bio-Chemical (Wilson Bio-Chemical, 2017 ).
Optimized steam treatment condition for MSW in a batch process was at 160 °C for 60 -90 min.
The biofibre fraction was enzymatically hydrolysed to fermentable, soluble sugars using cellulase activity (Cellic Ctec2, Novozymes). Enzymatic hydrolysis was at a biofibre concentration of 20% (dry matter of biofibre per volume), varying enzyme loading ( 
Microorganism and cultivation
Clostridium acetobutylicum ATCC 824 was cultivated in CM2 medium which contained (per L) KH2PO4 1 g, K2HPO4 0.76 g, CH3COONH4 2.9 g (of which acetate is 2.2 g), yeast extract 2.5 g, FeSO4.7H2O 6.6 mg, MgSO4.7H2O 1 g, and p-aminobenzoic acid (p-ABA) 0.1 g. The sugar content of the hydrolysates and the volumes of hydrolysate in the culture medium (v/v) are shown in Table 1 . pH was adjusted to 6.5. Antifoam 204 (Sigma) was added to prevent foaming during fermentation. The culture medium was made anaerobic by N2 sparging and was pasteurised (80 °C, 30 min) prior to inoculation.
Small scale batch fermentations were carried out in 118 mL anaerobic serum flasks with 50 mL of culture medium with pure sugars (control) or the, nearly, equivalent amount of sugars in hydrolysate as the substrates.
Overview of biofibre hydrolysates and wash water for ABE fermentation. A high ABE titre of 14.6 g/l and sugar consumption by C. acetobutylicum were achieved on medium with hydrolysate prepared from washed biofibre (sample #6) (Fig. 1) . This was comparable to control fermentations with the corresponding pure sugars. In all other cultivations with biofibre hydrolysate fermentation was inhibited except for sample #2. Dilution of the hydrolysate in culture medium prevented inhibition of fermentation (sample #1). Application of an extensive sterilisation protocol for the biofibre fraction (sample #7) was without effect indicating that fermentation was not affected by endogenous contaminants. Possible inhibitors are soluble components present in the biofibre fraction which ended up in the wash water (sample #9).
Results of ABE fermentations by C. acetobutylicum ATCC 824 on medium with biofibre hydrolysate (samples #1-9) or with pure sugars (Control). Culture medium with diluted hydrolysate* or wash water** was supplemented with pure glucose (33 g/l) and a glucose-xylose mixture, resp. 
Discussion
We have shown that butanol, acetone and ethanol can be produced from the sugar fraction of hydrolysed steam-treated MSW biofibre by Clostridium acetobutylicum. High ABE yields were obtained after prior removal of water-soluble inhibitors from the biofibre fraction by washing with water. This needs to be confirmed by further experiments. The nature of the inhibitors is presently unknown.
Microbial contamination in the biofibre fraction did not play a role in inhibition of fermentation.
More than 90% of glucose, the main sugar in the fermentable biofibre hydrolysate was consumed and converted with a high yield to butanol, acetone and ethanol.
Conclusion and recommendations
The first part of the project was successfully completed, i.e. the target ABE yield on biofibre hydrolysate sugars was achieved at laboratory scale and a method to minimize the effects of inhibitors present in the biofibre fraction was developed.
The next part of the project, fermentations at pilot scale and butanol and hydrogen gas recovery from the broth by gas stripping, and the technology transfer of the process for fermentation to demo scale (to be performed in York, UK) was not carried out. 
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